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Abstract
As geothermal energy becomes more widely implemented globally, it is critical to have
an accurate assessment of the costs and benefits this technology may pose in order to
plan, prevent, and mitigate pollution. Meteorological data sets from the Icelandic Met
Office were analyzed in conjunction with hydrogen sulfide (H2S) levels in the Reykjavík
area as a case study in the meteorological conditions leading to elevated H2S levels (>50
µg m-3) on March 1-3, 2017. Primary variables of interest were wind speed and direction,
temperature, atmospheric stability, and humidity. Climate change is predicted to weaken
the Gulf Stream, influencing all of the aforementioned meteorological factors and
potentially affecting the frequency of these high concentration events in Iceland. It was
found that peaks are most likely to occur in periods with cold (mean: -0.1 °C, median: 1.2 °C), low velocity (mean: 2.7m/s), easterly winds (mean: 95°), while humidity did not
play a significant role. The results of this initial analysis informed the subsequent
investigation of the meteorological time series of H2S levels from 2008-April 2017,
which supported the previous findings regarding meteorological conditions. The primary
goal was to identify similar peak events and search for changes in the frequency of H2S
peaks over the past decade. It appears that the introduction of H2S sequestering
technology has had a positive effect on reducing the frequency of high H2S events in the
Reykjavík area, even when controlling for meteorological effects.
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Introduction
1.1 Geothermal Energy in Iceland
Global dependency on hydrocarbon energy sources has increased the concentration of
carbon dioxide in the atmosphere and drastically changed the energy budget of the earth
(IPCC, 2014). Renewable energy sources are a critical component in order to mitigating
this warming and creating a sustainable future. Iceland has a reputation of being a
frontrunner in renewable energy, with the majority (85%) of its primary energy being
supplied by hydropower (20%) and geothermal energy (66%)(Orkustofnun, n.d.).
Geothermal energy is primarily used for heating (45%) and electricity (39%)
(Orkustofnun, n.d.). While these sources emit dramatically fewer greenhouse gases than
fossil fuels, there are always environmental costs to be considered. Geothermal power
plants vent volcanic gases, emitting a mixture of gases including hydrogen sulfide (H2S)
and carbon dioxide. The geothermal power plants at Hellisheiði and Nesjavellir are the
primary plants powering the Reykjavík area. Reykjavík is the country’s capital and most
populous area, home to approximately 65% of the total population of Iceland (Hagstofa
Íslands, 2016). In Iceland, legislation aims to limit episodes of high H2S concentration (5
µg m-3 yearly average, 50 µg m-3 24 hour average) to no more than three times a year.
While H2S emissions were initially high at the onset of Hellisheiði (Gunnarsson, 2013),
the levels are thought to have decreased in recent years (Gunnlaugsson, 2016). Two
ongoing projects at Hellisheiði are attempting to sequester carbon dioxide and hydrogen
sulfur emissions: CarbFix and SulFix, respectively (Verkefnisáætlun SulFix, 2013).
Limited information is currently available in English about the success of SulFix.
1.2 Health effects of hydrogen sulfide gas
Hydrogen sulfide is a colorless and flammable gas that is both an irritant and acutely
toxic, depending on length and concentration of exposure (United States Department of
Labor, n.d.). It is naturally formed in geothermal areas and is both a byproduct of the
geothermal process as well as an additive to reduce pipe corrosion during the transport of
hot water to Reykjavík. The odor threshold for the human nose is quite low, between
0.01-1.5 ppm, and has a characteristic smell of rotten eggs. Hydrogen sulfide may
become dangerous in quantities over 100 ppm, depending on the length of exposure
(United States Department of Labor, n.d.). Its primary toxicity is a result of its properties
as both a chemical asphyxiant comparable to carbon monoxide and an irritant to the
respiratory and cardiovascular system (Lindenmann et al., 2010). Research on long-term
exposure is still considered inadequate (Hansell et al., 2004).
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1.3 Aims of Study
From February 28 to March 4, 2017, the H2S concentrations in Reykjavík exceeded the
50 µg m-3 limit, with a 30 minute peak of close to 150 µg m-3 reported at 8:30 am by the
Grensásvegur station (Hafstað, 2017a; Hafstað, 2017b). This was a surprise to many and
gained substantial domestic media coverage, as recent efforts to reduce H2S emissions
appeared to be successful. Using meteorological data, this study aims to determine the
meteorological factors that contributed to this unusual peak. The Nesjavellir geothermal
power plant is located in a valley, effectively capping the H2S emissions that reach
Reykjavík, so Hellisheiði power plant will be the primary focus. Through the use of a
Gaussian plume model this study will calculate the source strength and gain insight into
the efficacy of the H2S emission reductions attempted at Hellisheiði. Extrapolating from
this initial investigation, this study will analyze the time series since the most recent work
(Thorsteinsson et al., 2013; data from 2006-2010) and look for other high emissions
events and any potential changes over time. By analysing these changes and determining
the meteorological causes of the high pollution events, it may be possible to extrapolate
to the future and assess the potential of the changing climate to increase the frequency of
these events. There are no obvious ethical considerations aside from the accurate and
thorough presentation of unbiased results. There is often a bias towards renewables that
may lead to “green washing” information about their costs and consequences, which is
detrimental to technological development and implementation. While most renewables
are preferable to hydrocarbon-based fuel even at their current stage of development, any
potential issues must be fully and honestly explored in order to build a truly sustainable
future.
1.4 Global Significance
While renewables such as geothermal energy are fundamental to ending the dependency
on fossil fuels, these technologies must be thoroughly vetted. More research is necessary
to investigate pollution from geothermal energy in order to optimize the technology and
prevent serious public health hazards. While several developing countries contain vast
potential for geothermal energy, they may already deal with poor air quality and sustain
much larger populations than Iceland (Geothermal Energy Association, 2016). The health
effects of H2S emissions may be compounded with other existing pollutants and efforts to
reduce H2S exposure and emissions could save lives in the long term. Additionally, this
research could help inform planning decisions of where geothermal infrastructure can be
built without negatively affecting surrounding communities. It is critical to note that
geothermal is widely recognized as much safer and less polluting than hydrocarbon
energy sources such as coal, oil, and biomass (Geothermal Energy Association, 2016).
However, this should not dampen the effort to strive towards 100% clean, sustainable,
and renewable energy, which can only be achieved by fully understanding the risks
involved.
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2. Context
2.1 Hazards of Geothermal Energy
The main atmospheric pollutants recognized by the European Environment Agency are
particulate matter, ozone, nitrogen dioxide, benzo[α]pyrene (BaP), along with a handful
of other pollutants such as sulfur dioxide, carbon monoxide, toxic metals, and benzene
(European Environment Agency, 2016a). Carbon dioxide emissions are also closely
monitored due their strong climate forcing ability. The incomplete combustion of
hydrocarbons, such as in coal-fired power plants, is a major source for these pollutants
(European Environment Agency, 2016b). Renewable energies are thus favored not only
for lowered carbon emissions, but also for a generally reduced environmental impact.
Geothermal energy is widely acknowledged as being a cleaner and safer alternative to
hydrocarbon energy sources. Geothermal energy uses steam-powered turbines rather than
combustion, and thus is not typically seen as a significant emitter of atmospheric
pollutants (Geothermal Energy Association, 2013). While variations in technology can
approach near-zero emissions, a typical geothermal power plant emits about 5% of the
carbon dioxide, 1% of the sulfur dioxide, and less than 1% of the nitrous oxides emitted
by an equivalent-sized coal-fired power plant (USGS, 2003). Hydrogen sulfide tends to
naturally be concentrated subsurface in many geothermal areas, and thus is generally
considered to be the major pollutant emitted by geothermal energy plants (Kagel, 2007).
Aside from being a health hazard in high quantities (Beauchamp et al., 1984), hydrogen
sulfide is converted to sulfur dioxide in the atmosphere. Sulfur dioxide and the resultant
sulfuric acid formed upon reaction with water molecules (commonly known as acid rain)
also carry health risks and are environmentally damaging (World Bank Group, 1998).
Volcanic gases acutely released in eruptions have long been known to be harmful,
but less information is available regarding long-term exposure in geothermally active
zones (Hansell et al., 2004). Some research has been done regarding the health effects of
geothermally-sourced H2S in the community of Rotorua, New Zealand (Bates et al.,
2002). Rotorua is situated over an active geothermal field and has a population of
approximately 65,000 inhabitants. It was determined that about a quarter of the
population has regularly been exposed to H2S levels over 200 µg m-3. The study found
evidence for exposure-related positive trends in nervous system, sense organ, and
respiratory diseases. The study was somewhat limited by the assumptions that recent
exposure was representative of long-term exposure, and that exposure was entirely
received at home. The results however still suggest that long-term exposure to H2S is
linked to chronic health effects in certain populations, and so should be carefully
monitored and avoided when possible. Another study in this same community (Horwell
et al., 2005) found wind direction to be the main factor controlling H2S dispersal from the
nearby geothermal field. The authors suspected that the other weather variables explored
here control dispersion, but were unable to find compelling evidence in this case.
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2.2 Use of Gaussian Plume Modeling
Air pollution emission plumes are typically divided into three preliminary classes by
density: those less dense than air are considered buoyant, those with a similar density are
considered passive or neutral, and those denser than air are dense plumes (Beychok,
2005). At room temperature, H2S is near the density of air (1.434 kg/m3 at 20C, 1 atm)
(Engineering Toolbox, n.d.). The temperature of the main production zones are between
260°-320°C, so the gases are emitted at similar temperatures and can be assumed to be
buoyant (Gunnarsson, 2013). Four main types of dispersion models are used for neutral
to buoyant gases, depending on the simplifications made: box, Gaussian, Lagrangian, and
Eulerian (Beychok, 2005). The Gaussian plume dispersion model assumes a normal
Gaussian distribution of pollutant, and is most useful for modeling dispersion of
continuous buoyant plumes. A Gaussian plume dispersion model is typically used for
urban air pollution because urban source patterns are often uniform and atmospheric
diffusion tends to be near neutral (Gifford et al., 1973). Gaussian models are considered
reliable for long-term averages of inert pollutants over uniform terrain (EEA, 1998).
Hydrogen sulfide can be considered an inert pollutant in the short term, and analysis of
the topography between Hellisheiði and Reykjavík shows that it is a gradual slope
(Figure 1; Thorsteinsson et al., 2013). Therefore, a Gaussian plume model is appropriate
when considering H2S pollution from Hellisheiði.
2.3 Air Pollution in Reykjavík
Research into the effects of this pollution on the population of Reykjavík has recently
been growing, with a recent study even suggesting a correlation between H2S pollution
and deaths in vulnerable elderly populations (Arnarsdóttir, 2015). Though Reykjavík is
primarily fueled by two main geothermal power plants, Nesjavellir and Hellisheiði,
Nesjavellir is not thought to be a major contributor to H2S pollution. The topography of
the land between Nesjavellir and Reykjavík acts as a natural boundary and traps most of
the pollution locally (Gislason, 2000). While legislation imposes a limit on H2S
concentration (5 µg m-3 yearly average and 50 µg m-3 24 hour averages must not be
surpassed three times annually), hourly averages of 50 µg m-3 occur more frequently—
about 80 times a year in Reykjavík (Thorsteinsson et al., 2013; data from 2007-2009).
The assessment and modeling of H2S plume dispersal was last conducted in 2012 with
data from 2006-2010 (Thorsteinsson et al., 2013). However, new projects at the
Hellisheiði geothermal plant aimed at decreasing H2S pollution (i.e. SulFix (Orkuveita
Reykjavíkur, Landsvirkjun, and HS Orka, 2013)) have likely altered emissions. The H2S
peaks over Reykjavík were previously found to conform to a Gaussian plume model and
be highly weather-dependent, occuring with slow easterly winds (2 ±1 m/s; 114°±23°) in
cold temperatures with little to no cloud cover (Thorsteinsson et al., 2013). This
corresponds to stable atmospheric stratification and inversion events, which allow the
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H2S plume to drift over Reykjavík. Anecdotal evidence from residents of Reykjavík
corroborates this finding, as the characteristic smell of H2S is typically “associated with
calm air and frost” (Thorsteinsson et al., 2013). The goal of this research is to corroborate
earlier observations and check for consistency in observations in the years since this work
was performed.
3. Methods
3.1 Hydrogen Sulfide Measurements

Figure 1: Locations and topography of weather stations and Hellisheiði power plant. Source:
Thorsteinsson et al., 2013

Hydrogen sulfide concentration time series from the Grensás (GRE), Hvaleyrarholt
(HEH), and Nordlingaholt (NLH) weather stations was provided by the Icelandic
Meteorological Office via Dr. Throstur Thorsteinsson, Professor of Environment and
Natural Resources at the University of Iceland’s Institute of Earth Sciences. Figure 1
shows the location of each of the weather stations, along with the Hellisheiði power plant.
Hellisheiði is located 25 km away and 115° ESE from Grensás and 28.5 km in direction
95° E from Hvaleyrarholt. Hvaleyrarholt is located in Hafnarfjörður, approximately 10
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km SSW of Grensás. Figure 1b demonstrates the topography between Hellisheiði,
Hvaleyrarholt, and Grensás; Hvaleyrarholt is separated from Hellisheiði by small
mountains, while a gradual slope separates Hellisheiði from Grensás. Nesjavellir is
located in a valley and therefore its H2S emissions are assumed to have a negligible
contribution to pollution in the Reykjavík area.
Hydrogen sulfide concentration data at the Gensás station are collected using the
HORIBA APSA-360A ambient H2S monitor, which oxidizes H2S and directly measures
the product, sulfur dioxide, using UV fluorescence. Hvaleyrarholt and Nordlingaholt use
the Thermo Scientific Model 450i, which utilizes a similar oxidative process to measure
H2S concentrations. All the concentration data was reported in µg m−3. Hvaleyrarholt and
Nordlingaholt reported 10 minute averages, while Grensás station reported 30 minute
averages. When comparing values from Nordlingaholt and Hvaleyrarholt to Grensás, a 30
minute average was calculated.
3.2 Weather Conditions
Weather data time series from the main Reykjavík weather station was provided
by the Icelandic Meteorological Office via Dr. Throstur Thorsteinsson, Professor of
Environment and Natural Resources at the University of Iceland’s Institute of Earth
Sciences. The meteorological data was recorded hourly, while the H2S data was reported
at 10 minute and 30 minute intervals. To deal with this, hourly averages were calculated
for the H2S concentration data when being compared to meteorological data. Weather
changes abruptly in Iceland, so minor fluctuations are likely during these intervals. All
computational work was performed using R.
3.3 Gaussian Plume Model
Source strength was calculated from observational H2S concentration data using a
simplification of the Pasquill-Gifford Gaussian plume model.
Equation 1: Pasquill-Gifford model (Source: Gifford and Hanna, 1973; EEA, 1998).

𝑆
𝑦!
𝐶=
exp   − !
2𝜋𝑢𝜎! 𝜎!
2𝜎!

𝑧−𝐻
exp −
2𝜎!!

!

(𝑧 + 𝐻)!
+ 𝑒𝑥𝑝 −
+𝐺
2𝜎!!

The summation term G accounts for the inversion layer and is subbed in with Equation 2.
Inversion layer height is term L.
Equation 2: Inversion layer model (source: Gifford and Hanna, 1973; EEA 1998).
!

𝐺=
!!!

	
  

(𝑧 − 𝐻 − 2𝑛𝐿)!
𝑧 − 𝐻 + 2𝑛𝐿
𝑒𝑥𝑝 −
+
exp
−
2𝜎!!
2𝜎!!

!

(𝑧 + 𝐻 − 2𝑛𝐿)!
𝑧 + 𝐻 + 2𝑛𝐿
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+exp
−
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Where σy=axb and σz=cxd are dispersion parameters and a, b, c, and d are constants
dependent on stability class. Wind speed is represented by u; H refers to smoke stack
height; x, y, and z are downwind, perpendicular, and vertical distances, respectively.
Concentration, C, is known from the observational data; S is the source strength
calculated using this equation. By assigning values to each variable, the relation
simplifies to Equation 3, where the concentration is proportional to the source strength
divided by the wind speed.
Equation 3: Relationship between concentration, source strength, and wind speed.

𝑆
𝑢
Combined, these equations allow for an estimation of the source strength of the emissions
from Hellisheiði. Effectively, the product of wind speed and H2S concentration (restricted
to values over 50 µg m-3) yields an approximation of the source strength. These values
were compared to reported data and analyzed as a time series data.
𝐶 ∝   

Figure 2: Models of Gaussian plumes of three stability classes, from top to bottom: stable, neutral,
and unstable. Modeled using a point source of 300 g/s, with a wind speed of 4 m/s, smoke stack
height (H) of 30m, and inversion height (L) of 300 m (stable) and 1000 m (neutral and unstable).
Colors correspond to concentration in µg m-3. Left column is a vertical cross section, while the right
column is the surface. Source: Thorsteinsson et al., 2013.
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When graphed in various stability classes, these equations model plumes that appear as
Figure 2. Stable conditions and inversions occur with low wind speed, yielding a narrow,
primarily horizontal cone shape that is commonly referred to as fanning (Foken, 2008).
Neutral conditions occur at high wind velocities, quickly expanding the plume. Unstable
conditions yield movement in both the horizontal and vertical planes, and are
characterized by serpentine plumes with looping. During high H2S events in Grensás, it is
predicted that a narrow plume is aiming directly at Reykjavík. Hvaleyrarholt and
Nordlingaholt are at different locations with respect to the plume, which should be
reflected in the correlations (or lack thereof) of their H2S concentrations at a given time.
4. Results
4.1 Conditions of early March 2017
From February 28 to March 4, 2017, there were elevated H2S levels (>50 µg m-3) over the
Reykjavík area. Figures 3-6 show the concentration data for each of the stations plotted
against each weather variable (temperature, wind speed, wind direction, and humidity)
during this event. Levels at Hvaleyrarholt were generally below 50 µg m-3 and thus do
not frequently appear on the plots. The highest concentrations occurred with cold
temperatures (mean: -1.7 °C, median: -1.6 °C), when wind speed was low (mean and
median: 2.6 m/s), wind direction was easterly (mean and median: 94°), and humidity was
a mid level (mean: 63%). Looking at all the available data from 2017, similar conditions
gave rise to the high concentration events. The mean temperature for events over 50 µg
m-3 was -2.05 °C, the mean wind direction 91°, mean wind speed 2.96 m/s, and mean
humidity 64%.

Figure 3: Temperatures (°C) associated with high H2S events at GRE, NLH, and HEH weather
stations from 28/02-04/03/2017.
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Figure 4: Wind direction associated with high H2S events at GRE, NLH, and HEH weather stations
from 28/02-04/03/2017.

Figure 5: Wind speed (ms-1) associated with high H2S events at GRE, NLH, and HEH weather
stations from 28/02-04/03/2017.

Figure 6: Humidity (%) associated with high H2S events at GRE, NLH, and HEH weather stations
from 28/02-04/03/2017.
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By following the model outlined in the methods, the source strength was estimated for
this peak event (Figure 7). While there is a significantly large range, the values tend to
fall between an emission flux of 100-250 µg m-2s-1 for this event.

Figure 7: Calculated source strength during the 28/02-04/03-2017 hydrogen sulfide peak.

Pearson correlation coefficients were calculated for the H2S concentrations (Table 1) of
the three stations during the peak event. Nordlingaholt and Grensás stations demonstrated
similar patterns due to their geographic proximity. The concentration at Hvaleyrarholt
showed low correlation with Nordlingaholt and Grensás, indicating a narrow plume
coming from Hellisheiði during this high concentration event. A narrow peak occurs
during both stable atmospheric conditions and inversions. The low wind speed during this
event suggests that the atmospheric conditions were indeed stable at this time.
Table 1: Pearson Correlation Coefficients for the H2S concentration values between stations at a
given time.

Stations

Variable

Pearson Correlation

NLH and GRE

H2S Concentration

0.7029251

NLH and HEH

H2S Concentration

0.3495006

GRE and HEH

H2S Concentration

0.1504866
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4.2 Weather Conditions from 2008-2017 Peaks
Meteorological data from 2008 to April 19, 2017 was analyzed in conjunction with
corresponding H2S concentration hourly average data from Grensás station in downtown
Reykjavík. A strong seasonality was seen with the data, with higher H2S values seen in
winter (Figure 8). This effect is strongest initially, and appears to be less dramatic as
time progresses. The bottom of the plot appears to creep up higher as time progresses,
particularly visible in the lower values between 2012-2015. This is indicative of some
systematic error, but I was unable to correct for this.

Figure 8: H2S concentrations from the period of 2008-2017. Notice upward creeping bottom values
between 2012-2015 indicating adjustments needed.

Each weather variable was plotted against H2S concentration for events over 50 µg m-3 to
check for consistency with the results of the case study. High concentration events
appeared under very similar conditions of cold (mean temperature: -0.1 °C, median -1.2
°C) low velocity (mean: 2.7m/s) easterly winds (mean wind direction: 95°). Average
humidity was 68%, however, humidity appears to show a normal distribution and thus is
not considered a critical variable in controlling atmospheric stability. Part a of Figure 912 show the distribution of each weather variable over the course of the year, while parts
b and c show the distribution of each variable for events where H2S values were greater
than 50 µg m-3. Comparing parts a and c demonstrates the shift from normal annual
variable distributions when looking at high concentration events.
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Figure 9: A) Temperature variation for the entire time series of 2008-2017. B) Scatter plot of
temperatures during peak H2S events. C) Histogram of temperatures during H2S peak events,
demonstrating a shift from the normal annual temperature distribution.
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Figure 10: A) Wind direction variation for the entire time series of 2008-2017. B) Scatter plot of wind
directions during peak H2S events. C) Histogram of wind directions during H2S peak events,
demonstrating a shift from the normal annual wind direction distribution.
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Figure 11: A) Wind speed variation for the entire time series of 2008-2017. B) Scatter plot of wind
speed during peak H2S events. C) Histogram of wind speed during H2S peak events, demonstrating a
shift from the normal annual wind speed distribution.
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Figure 12: A) Humidity variation for the entire time series of 2008-2017. B) Scatter plot of humidity
during peak H2S events. C) Histogram of humidity during H2S peak events, demonstrating a shift
from the normal annual humidity distribution.
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4.3 Long-Range Trends
In order to search for changes in the H2S emissions over the past decade, the frequency of
various H2S concentrations was plotted per year. The scales have been held constant in
order to better visualize trends between years rather than the distribution of
concentrations within particular years. Figure 13 shows the frequency of hourly averages
between 10-50 µg m-3. Figure 14 shows the frequency of hourly averages greater than 50
µg m-3, or peak events. The general trend appears to suggest that the number of peak
events has not changed greatly from 2008, though certain years stand out as having a
greater number of H2S events. In particular, 2010 has a much higher frequency of high
pollution events.

Figure 13: Frequency of hydrogen sulfide concentrations between 10-50 µg m-3 from 2008-2017.
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Figure 14: Frequency of high hydrogen sulfide concentration events between 2008-2017.

Similarly to the case study, source strength was calculated from the data and averaged
over the course of a year. Figure 15 shows the average calculated H2S source strength by
year. Figure 16 shows the average H2S concentration at Grensás per year. However, it is
crucial to note that in both cases, 2017 data is not for the whole year, but only until April
19. Additionally, there was a six-month gap in the data between March and September
2015.

Figure 15: Average calculated hydrogen sulfide source strength per year, from 2008-2017.
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Figure 16: Average hydrogen sulfide concentration at Grensás station per year.

The frequency of meteorological conditions previously found to be favorable was
additionally plotted per year to extricate the role of weather from the H2S concentration
trends (Figure 17). Wind direction was restricted to 80-100°, temperature was restricted
to below 0°C, and wind speed was restricted to below 4 m/s.

Figure 17: Frequency of favorable meteorological conditions (wind direction 80-100°, temperature
<0°C, wind speed <4 m/s) for hydrogen sulfide events between 2008-2017.
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5. Discussion
5.1 Meteorological Conditions
Both the case study and long-range data supported the same conclusions as to favorable
meteorological conditions. Low wind speed, cold temperatures, and easterly wind coming
from the direction of Hellisheiði are consistent with a peak in H2S concentrations over
Reykjavík. Additionally, these correspond to stable atmospheric conditions or inversions
(Thorsteinsson et al., 2013). This is largely congruous with the earlier work done by
Thorsteinsson et al. (2013); however, the direction found here is slightly more northern
(95°) than the 114° average reported earlier. It is unclear why this shift could have
occurred. Perhaps new boreholes were drilled, expanding or diverting the area from
which the H2S plume is emitted. During the high H2S events in Reykjavík, Grensás gets
the highest concentrations (Figure 2) while Nordlingaholt is at the edges and
Hvaleyrarholt is furthest removed. The correlation coefficients between the
concentrations at various stations (Table 1) agree with this and are indicative of a narrow
plume during peak events. The relative amplitudes of the peaks typically reflected this
spatial relationship to the plume during the early March peak event. This further confirms
the use of a buoyant Gaussian plume model for geothermal pollution, and restricts the
areas that can be affected by the pollution. A major limitation on this analysis, however,
is that the calculation of hourly averages from the 10- and 30- minute data greatly
reduced the resolution of H2S concentrations. The low resolution of the meteorological
data (hourly averages) unfortunately made this necessary, so as to not create artificial
data. Iceland is notorious for its rapidly shifting weather and it is guaranteed that weather
conditions were not consistent during these intervals. Having greater resolution of
meteorological conditions could inform deeper analysis of the mechanism by which the
geothermal pollution spreads.
5.2 Source Strength
The estimation of source strength found by multiplying wind speed and concentration
was not as robust and showed more variation than expected. Wind direction, speed, and
temperature were all restricted in order to try to elucidate a clear signal but still the data
fluctuated. However, both the peak (Figure 7) and long-range data (Figure 15)
demonstrated a result of 150-250 µg m-2s-1 emission flux. In practice, this is quite a
narrow range, and no clear upward or downward trend is seen between years. In fact, this
contrasts with official emissions data. Hellisheiði was reportedly emitting an increasing
quantity of H2S each year between 2002-2012, with 16,900 tons of H2S emitted in 2012
(Gunnarsson, 2013). Up until 2012, unfiltered geothermal steam was being released
directly into the atmosphere (Thorsteinsson et al., 2013). Now, the SulFix project is
attempting to sequester the hydrogen sulfide emissions into metallic sulfides while
CarbFix sequesters carbon dioxide into carbonates. More recent reports quote an annual
emission of approximately 13,000 tons (Gunnlaugsson, 2016), citing the success of
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SulFix as the cause. It may be too soon to see an obvious decline in source strength from
pollution data, but perhaps this will become apparent as time goes on.
5.3 Frequency of Peak Events
Figure 13 shows how the frequency of low concentrations (10-50 µg m-3) between 20082017. There is a twofold increase in low concentrations (>20 µg m-3) between 2009 and
2010, which is sustained until 2013. This is likely due to the expansion of the power
plant. A doubling is again seen in the low concentrations between 2013 and 2014. 2015
reaches a new high in the 10-20 µg m-3 range, while values above 20 decrease slightly. In
2016 the frequency falls to pre-2010 levels. When examining the frequency of high
pollution events (>50 µg m-3)(Figure 14), some interesting variations occur. 2008 and
2009 are again similar, with a doubling of frequency again seen in 2010 in the range of
50-100 µg m-3. 2011 decreases to below pre-2010 levels, and this level remains largely
constant until 2014. While 2014 and 2015 experienced more frequent low concentration
events, there were significantly fewer high pollution events. This continues into 2016 and
2017 (data until April 19). When looking at the average yearly concentrations, it appears
that there was an increase in H2S at Grensás until 2015, after which it drops considerably
(Figure 16). 2017 and 2015 are likely unusually high because they do not contain data
from the summer months, when values are generally lower. 2016 is very low, however,
returning to values close to those of 2008 and 2009. This suggests that hydrogen sulfide
did in fact decrease.
Figure 17 shows the frequency of favorable meteorological conditions over the
time series. Maxima are seen in 2008 and 2015, with approximately 250 hours of
favorable conditions for H2S peaks; minima are seen in 2012, 2013, 2014, and 2017
(incomplete data) with under 150 hours of stable atmospheric conditions. Taking this into
consideration, 2015 becomes particularly interesting. Atmospheric conditions were
favorable for high concentration events, but values over 50 µg m-3 were the least frequent
in the time series (Figure 14). Instead, concentrations were shifted significantly lower
(<20 µg m-3)(Figure 13). The average H2S concentration is the highest in 2015 (Figure
16), but because the data between March and September is missing for this year, it is
difficult to draw any certain conclusion. Those months typically have the lowest
concentrations of H2S and lower frequency of favorable meteorological conditions.
However, this coincides roughly with the initiation of the SulFix project in June 2014
(Gunnlaugsson, 2016). By the end of 2015, 3,530 tons of H2S had been injected, and it is
estimated that 75-80% of the injected H2S is currently being sequestered within six
months (Gunnlaugsson, 2016). The hydrogen sulfide is separated from the geothermal
steam and injected into a very hot aquifer (>230°C) containing metallic cations, causing
it to mineralize into metallic sulfides such as pyrite (Orkuveita Reykjavíkur,
Landsvirkjun, and HS Orka, 2013). While the results are promising, more time and data
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is necessary before it can be conclusively determined whether or not hydrogen sulfide
pollution in Reykjavík has decreased.
6. Conclusion
Hydrogen sulfide pollution in Reykjavík only exceeds legislated values under a very
specific set of meteorological conditions. Slow, cold, easterly winds create a narrow
plume from Hellisheiði geothermal power plant that floats over to Reykjavík. These
conditions are most common in the winter months, but vary considerably year by year.
As the climate changes, local meteorological patterns are likely to change. While no local
models currently exist, it is likely that these patterns change in a way that will influence
the frequency of favorable meteorological conditions for these high pollution events.
Therefore, it is critical for the geothermal power plants to reduce emissions and sequester
as much hydrogen sulfide as possible. Aside from the foul odor of hydrogen sulfide, the
potential for oxidation to sulfur oxides and creation of acid rain makes it critical to reduce
and contain H2S pollution as much as possible. Acid rain is detrimental both for
environmental and cultural reasons, as it degrades everything from soil, water, and
vegetation to man-made structures and sculptures. While the trend is not strong enough to
be conclusive, there appears to be a decrease in the frequency of H2S peaks and average
concentration since the onset of SulFix in 2015 that cannot be explained by
meteorological conditions.
As Iceland’s population grows, so too will its energy demand. The main
renewables explored in Iceland are geothermal and hydropower. While hydropower is
essentially emission-free, it yields a much greater environmental impact due to the large
land area required to create a reservoir. Despite the inevitable emissions, geothermal
power requires much less land use and is arguably the environmentally superior option in
Iceland. The rising global energy demand dictates that renewables are required for a
sustainable future. Geothermal power plants remain an excellent option, but
environmental and health impact studies will be necessary to assess the possibility of
local environmental degradation and health risks arising from hydrogen sulfide pollution.
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